Voyager 2 a n d Ulysses were at nearly the same latitude in the southern heliosphere at the beginning of 1999 and their radial separation was about 55 AU. The e ect of pickup ions should beprofound at Voyager's position, especially, t h e deceleration of the solar wind ow. This unique opportunity allows us to investigate the e ect of pickup ions based on direct multi-spacecraft observations. The Ulysses observations were used as input into a 1-dimensional MHD numerical model. We r u n cases with and without pickup ions in an attempt to estimate the slowdown of the solar wind and the interstellar neutral hydrogen density. The theoretical predictions at the location of Voyager 2 were compared with the observations. For the purpose of this study, we focus on the statistical characteristics rather than detailed structures of the solar wind in the outer heliosphere. We found a decrease of 40 km s ;1 or 10% in the radial velocity near 60 AU. This speed decrease implies an interstellar neutral density of 0.05 cm ;3 . 
Introduction
The solar wind in the outer heliosphere is expected to be a ected by i n terstellar particles that drift into the heliosphere as neutrals, especially in the region beyond 30 AU. These neutral particles charge exchange with the solar wind protons, producing pickup ions Axford, 1972 Holzer, 1972 Isenberg, 1986] . The acceleration of pickup ions should slow d o wn the solar wind and produce supra thermal ion tails in the outer heliosphere. The impact of pickup ions on the propagation of shock w aves has been investigated numerically Zank and Pauls, 1997 Rice and Zank, 1999] .
Observational evidence of an increased pressure associated with pickup ions in the outer heliosphere comes from studies of pressure-balanced structures Burlaga et al., 1994] . Based on a comparison of Voyager 2 observations out to 40 AU and IMP 8 data at 1 AU, Richardson et al. 1995] found roughly a 7% decrease in the radial velocity and inferred an interstellar neutral density of 0.05 cm ;3 . The work related to interstellar pickup ions in the solar wind was recently reviewed by Isenberg 1999] .
Voyager 2 has currently reached distances beyond 60 AU. The continuous data coverage from the MIT plasma instrument allows us to estimate the slowdown of the solar wind in the outer heliosphere and consequently to deduce the density of the interstellar neutral hydrogen. At the beginning of 1999, Voyager 2 and Ulysses were at the same latitude in the southern heliosphere. Their radial separations were as large as 55 AU. Figure 1 shows the trajectories of Ulysses and Voyager 2 from 1998 to 2000. The time period of interest (hatched area) is between 1998.5 and 1999.5, when their latitudes were within 10 of one another. This provides a good opportunity to investigate the propagation of the solar wind from Ulysses to Voyager 2. In this paper, we take a very di erent approach from that used by Richardson et al. 1995 ] to study how the solar wind slows in the outer heliosphere. We employ n umerical models with and without the inclusion of pickup ions in an attempt to evaluate their e ect on the solar wind ow. The Ulysses observations are used as input into our numerical models and the theoretical predictions are then compared to Voyager 2 observations. Since Ulysses and Voyager 2 were at di erent longitudes, we focus here on the average characteristics of the solar wind speed rather than point-to-point comparison. In a word, we combine the observations and numerical models to examine the solar wind slowdown and thus are able to deduce the most likely value of the interstellar neutral density.
Analysis
During 1998 and 1999, it took about 6 months for the solar wind to travel from the location of Ulysses to Voyager 2. So the solar wind observed by Ulysses during the time period from 1998.5 to 1999.5, when the latitudinal di erence between these two spacecraft was less then 10 , reached Voyager 2 during 1999. Since Ulysses and Voyager 2 had very di erent longitudes, for simplicity, w e assume a spherically symmetric solar wind ow and employ a 1-D numerical model. The 1-D models allow us to avoid intensive CPU time and achieve high time resolution output. The relevant equations and methodology can be found in our previous work Wang et al., 2000] . We input hourly average data from Ulysses observations for the time period from 1998.5 to 1999.5, map the evolution of solar wind to the location of Voyager 2, and compare the numerical output for 1999 with the Voyager 2 observations.
The numerical procedure consists of two steps. First, the initial solar wind plasma conditions at the inner boundary are set equal to the average values observed by Ulysses during the rst half of 1998. The magnetic eld strength B (at 1 AU) is taken to be 5 . The numerical calculation is then carried out until a steady state solution is reached. This solution becomes our initial condition for the time-dependent calculation. Finally, the time-dependent o w is initiated at 5 A U b y i n troducing Ulysses hourly average data for the time period from 1998.5 to 1999.5. We carry out numerical calculations using two di erent models, namely an MHD model and an MHD model which mimics the e ect of the interstellar neutral hydrogen (MHD PI model). For the MHD PI model, we follow the approach o f Zank and Pauls 1997] in our treatment o f t h e i n teraction of the solar wind protons with the interstellar neutral hydrogen. The cold neutral density distribution n H (r) i s t a k en as Vasyliunas and Siscoe, 1976] n H (r) = n H1 e ; =r T H = T H 1 u H = u H1 (1) where = 4 A U, T H1 = 1 0 4 K, and u H1 = 20 km/s. The subscript in nity refers to the boundary values (the boundary being the termination shock). A reduction in neutral hydrogen density occurs as the interstellar ow crosses the heliospheric boundaries into the heliosphere. For typical parameters, Holzer 1989] found that the density is reduced by 5%. Thus the neutral hydrogen density at the boundary n H1 is a good approximation to the interstellar neutral density. The source terms for charge exchange were sum-3 marized in the work by Wang and Belcher 1999] . By comparing the results from the model without pickup ions and those with pickup ions, we are able to estimate their e ect on the solar wind. Figure 2 shows comparisons of the observed ow speed at Voyager 2 (solid lines) with those simulated by the MHD model (without pickup ions, dotted line in the top panel) and the MHD PI model (with interstellar neutral density n H1 = 0 . 0 5 c m ;3 , dotted line in the bottom panel). Overall, the speed predicted by both MHD and MHD PI models roughly lies in the range of the observations however, neither of them reproduce all the ne structure of the speed observed by V oyager 2. This should not be a surprise considering the simplicity of these models, the longitudinal separation of the two spacecraft, and the complicated evolution of the solar wind during its long journey to Voyager 2 (almost 55 AU). For the purpose of evaluating the deceleration of the solar wind in the outer heliosphere, we do not make a point-to-point comparison of the observations with these model results. Instead, we focus our attention on the statistical characteristics of these results. As shown in Figure 2 , the MHD model in general predicts higher speeds than are observed at Voyager 2. Examination of the predicted and observed density pro les (not shown here) also shows that the MHD model systematically predicts larger variations than are observed at Voyager 2. As expected, we need to incorporate pickup ions into our model to decelerate the solar wind speed su ciently to match the observations. Furthermore, the magnitude of the solar wind speed slowdown can be used to deduce a reasonable interstellar neutral density. We include only the neutral hydrogen, which dominates the interstellar neutrals, in our MHD PI model. After a series of test runs using di erent values of the interstellar neutral hydrogen density, w e nd that the MHD PI model with an interstellar neutral hydrogen density o f 0 . 0 5 c m ;3 gives the best t to the overall observations. Figure 3 shows histograms of the frequency of occurrence of various speeds for both the Voyager 2 observations in 1999 and the model results using the Ulysses observations as input. From the top to the bottom panels, the gure shows the Voyager 2 observations, the MHD and the MHD PI model speed predictions (with n H1 = 0:05 cm ;3 ), respectively. Both the MHD and MHD PI models reproduce the observed histogram shape. The average speed of the observations for 1999 is 392 km s ;1 . However, the MHD model gives a higher average speed of 432 km s ;1 . By contrast, the MHD PI model with n H1 = 0:05 cm ;3 gives an average speed of 394 km s ;1 , very close to the observed value. The results with di erent i n terstellar neutral density n H1 generally give similar shapes for the histogram of the solar wind speeds, but with di erent a verage speeds. For example, the MHD PI model with n H1 = 0:04 cm ;3 (or 20% less than 0.05 cm ;3 ) g i v es an average speed of 401 km s ;1 . Combining these model results with the Voyager 2 observations, we conclude that the pickup ions decrease the solar wind speed by 40 km s ;1 near 60 AU, or 10% on average, and the interstellar neutral hydrogen density i s on the order of 0.05 cm ;3 . The interstellar neutral hydrogen density v alue of 0.05 cm ;3 agrees with our results using Ulysses and Voyager data for the time period of 1991 Wang et al., 2000] . This value is also comparable to values quoted elsewhere in the literature Chasseere e t a l . , 1 9 8 6 Gloeckler et al., 1 9 9 3 Richardson et al., 1995] . However, the estimates of the interstellar neutral hydrogen density v ary greatly from study to study, ranging between 0.03 and 0.3 cm ;3 (see Geiss and Witte 1996] and references therein).
Summary and Discussion
We have taken advantage of the unique opportunity w h i c h occurred when the Ulysses and Voyager 2 spacecraft were at nearly the same southern latitude at the beginning of 1999, and when Voyager 2 was near 60 AU from the Sun. Previous theoretical work has predicted that pickup ions play an important role in modifying the solar wind ow in the outer heliosphere, especially beyond 30 AU. In this paper, we combined observations from Ulysses and Voyager 2 and numerical models to investigate the deceleration of the solar wind in the outer heliosphere and to deduce the interstellar neutral hydrogen density. The Ulysses observations were used as input into our numerical models, and the predictions of the numerical models with and without the inclusion of pickup ions were compared with each other and with the Voyager 2 observations. We focused our attention on the statistical characteristics of the numerical results and observations to determine the deceleration of the solar wind in the outer heliosphere. The MHD model without pickup ions overestimates the solar wind speed by about 40 km s ;1 at 60 AU, while the MHD PI model with an interstellar neutral hydrogen density of 0.05 cm ;3 provides the best predictions of the average speed and the shape of histograms of the solar wind speeds observed by V oyager 2 for 1999.
Early theoretical work predicted the deceleration of the solar wind due to mass-loading by interstellar pickup ions e.g. Axford,1972] . Only recently, however, when the Voyager and Pioneer spacecraft reached the distant heliosphere, was it feasible to look for this deceleration by comparing multi-spacecraft observations. Richardson et al. 1995] Wang et al., 2000] shows that there is only a small amount o f s l o wdown of the solar wind ( 8 k m s ;1 ) a t 35 AU. By contrast, the amount of deceleration obtained in this study ( 40 km s ;1 at 60 AU) is signi cantly larger than the uncertainties ( 10 km s ;1 ) associated with comparison of solar wind speeds from di erent spacecraft. It is also interesting to note that both determinations of the solar wind slowdown (at 35 and 60 AU) imply an interstellar neutral hydrogen density of 0.05 cm ;3 .
Our model and its use here has three shortcomings. First, it is a one-dimensional model and thus does not allow e ects associated with transverse pressures and ows. Second, our model is a one-uid model and thus cannot be used to determine the coupling of the pickup ions and the thermal plasma. Third, our comparison of the model results with the Ulysses and Voyager 2 observations has ignored the considerable longitudinal separation of the two spacecraft. Nevertheless, we believe this simple model provides a good quantitative estimate of the e ect of interstellar neutrals on the slowing of the solar wind, and in the future more complicated and realistic models should improve our estimates. 1998.2 1998.6 1999.0 1999.4 1999.8 Time ( 
